We present the phonon spectrum of TiOCl computed using hybrid density functional theory (DFT). A complete analysis of the spectrum is performed for the space group P mmn (high symmetry phase) and the space group P 2 1 /m (low symmetry phase), which is the symmetry of the spin-Peierls phase. We show that the nonlocal correlations present in the hybrid DFT approach are important for understanding the electronlattice interactions in TiOCl. The computed frequencies compare well with those observed in Raman and infrared spectroscopy experiments and we identify the origin of an anomalous phonon observed in Raman spectroscopy. The relationship between relevant zone boundary phonons in the high symmetry phase and the zone center counterparts in the P 2 1 /m symmetry allow us to speculate about the origin of the spin-Peierls phonon.
I. INTRODUCTION
The unconventional properties of the low-dimensional spin-1/2 compound TiOCl have been a subject of intensive debate in recent years 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 . This system shows two consecutive phase transitions at T c2 = 91K and at T c1 = 60K from a magnetic lowdimensional behavior to a spin-Peierls dimerized state 1, 4 through an intermediate, structurally incommensurate, phase. While the conventional spin-Peierls phase in a spin chain is well understood in terms of the magnetoelastic coupling, the behavior in TiOCl is more complicated. The ab-planes of TiOCl consist of TiO bilayers separated by layers of Cl − ions stacked along the c direction 1 . This bilayered structure, in conjunction with the localized nature of the Ti 3d electrons, has motivated various proposals about the role of interchain frustration 5 (within one layer and between layers), lattice degrees of freedom and correlation effects 6, 7, 10, 12 at the phase transitions. Initial suggestions about the influence of orbital fluctuations 2 have been settled both experimentally and theoretically and the groundstate of the system at temperatures above T c2 is now known to be characterised by singly occupied Ti 3d xy orbitals 4, 5, 6, 10 .
The ground state electronic structure of this system in the observed room temperature structures has been calculated within ab initio density functional theory (DFT) 1, 3, 4, 6 . The role of electronic correlations beyond those included in the local density approximation (LDA) have also been studied using the LDA+U 1,3,6 , LDA+DMFT 10, 11 , and very recently the LDA+cluster-DMFT 12 approximations. In the latter approach, where two-site correlations were considered, a good agreement between the calculated spectral function and the measured photoemission and O K-edge X-ray absorption spectra was achieved; for all other methods mentioned the computed band gap is significantly below that observed. These studies provide strong evidence for the important role played by electron correlations in this material.
The interplay between the structural and electronic degrees of freedom within the various phases, which is particularly relevant in the study of the anomalous spinPeierls transition, has only been partially investigated from a theoretical point of view. In a previous study by some of the authors 7 , the Raman active A g phonon modes in TiOCl for the high-symmetry (HS) phase (T > T c2 ) were obtained within an LDA+U formalism and the frozen-phonon approach. It was concluded that the inclusion of electron correlation at the LDA+U level significantly improved the agreement between the computed and observed frequencies. In the present work we extend these studies to include the P 2 1 /m phase, which has been identified by Palatinus et al. 15 as the low-symmetry (LS) phase (T < T c1 ). We present the electronic structure and a complete classification of the phonon spectrum for both the HS and the LS structures, and make a detailed comparison with the measured Raman and infra-red spectra. We also extend the treatment of electron correlation to the hybrid exchange DFT approximation -which includes both the local (U) and non-local components of exchange and correlation beyond those present in the LDA. The much better agreement with the observed spectra compared to that achieved in previous calculations (within the LDA and LDA+U) 7 strongly suggests that nonlocal correlations are important to describe the effects of lattice vibrations in TiOCl. Within this theoretical framework we can also identify for the first time the anomalous phonon observed in Raman spectroscopy 2 which appears to violate the Raman selection rules. Moreover, by analysing the relationship between the zone boundary phonons in the b direction (Ti-chain axis) in the HS phase and relevant zone center phonons in the P 2 1 /m phase, we suggest possible candidates for the spin-Peierls phonon mode.
The paper is organized as follows: in section II we present the computational details of our calculations, in section III we discuss the electronic structure of TiOCl in the HS phase within the various approximations used in previous studies and present our results using hybrid exchange DFT. Sections IV and V report on the optimization of the lattice parameters and the calculation of phonons for the HS phase. In section VI we compute and discuss the phonons in the P 2 1 /m symmetry (LS phase) and in the last section we summarize our conclusions.
II. COMPUTATIONAL DETAILS
The first-principles calculations presented here have been performed using the hybrid exchange density functional B3LYP 16, 17 as implemented in the CRYSTAL package 18 . In CRYSTAL, the crystalline wave functions are expanded as a linear combination of atom centered Gaussian orbitals LCAO with s, p, d, or f symmetry. The Ti, O and Cl atoms are described by a triple valence all-electron basis sets: an 86-411G** contraction (one s, four sp, and two d shells), an 8-411G* contraction (one s, three sp, and one d shells) and an 86-311G* (one s, four sp, and one d shells), respectively. A reciprocal space sampling on a Monkhorst-Pack grid 19 of shrinking factor equal to 6 is adopted after finding it to be sufficient to converge the total energy to within 10 −6 eV per unit cell. The Gaussian overlap criteria which controls the truncation of the Coulomb and exchange series in direct space are set to 10 −7 , 10 −7 , 10 −7 , 10 −7 , and 10 −14 the details of which are presented elsewhere 18 . Typically linear mixing of 70% and an Anderson second-order mixing scheme was used to guide the convergence of the self-consistent field procedure.
The geometry optimizations are performed using the algorithm proposed by Schlegel et al. 20 . The full dynamical matrix was computed using finite differences of the analytic gradients for which the atoms were displaced by 0.02Å.
III. ELECTRONIC STRUCTURE
In Ref. 7 , the authors performed an investigation of the electronic structure of TiOCl at the experimental cell parameters of the HS phase (space group 59 P mmn) using the LDA and LDA+U methods. It was concluded that the LDA functional does not reproduce the measured electronic structure or the internal coordinates of the atoms in the cell, whereas within the LDA+U method the Mott-Hubbard insulator nature of TiOCl is obtained as well as the internal coordinates. Nevertheless, the LDA+U approximation does not describe properly the optical band-gap of 2 eV observed in infrared spectroscopy experiments. While the gap between the occupied spin up d xy band and the unoccupied spin down d xy is computed to be 2.8 eV within the LDA+U model using U and J values of 3.3 eV and 1 eV respectively, the gap between the occupied d xy and unoccupied d xz−yz of the same spin is only 0.3 eV. Since the optical gap is a measure of the lowest energy difference between occupied and unoccupied electronic states, the LDA+U calculations significantly underestimate the measured value.
Saha-Dasgupta et al. improved on the description of on-site correlation by using a single-site LDA+DMFT, where dynamical fluctuations beyond the LDA+U are introduced using a quantum monte carlo impurity solver 10 . This method provides a better description of the overall width of the spectral function, but the calculated band gap of 0.5 eV still underestimates very significantly the observed gap. LDA+DMFT calculations performed with an iterated perturbation theory (ITP) impurity solver 11 yield a bigger energy gap at the cost of introducing a mixing of the d-orbitals significantly greater than that deduced from the spectroscopy 5, 6 . Based on the fact that TiOCl is a low-dimensional correlated system and that at low temperature it dimerizes into Ti-Ti singlet pairs along the b-axis, it has been suggested 12 that two-site correlations may be important even at high temperatures and thus that the single site approximation will be insufficient. We note that in Raman spectroscopy 2 , specific heat 9 and NMR experiments 21 strong evidence is found for the existence of low energy fluctuations of the spin system in a temperature range that extends well above the spin-Peierls transition. The role of inter-site correlation has been investigated previously in Ref. 12 by using the cluster extension of DMFT in which the correlated impurity is taken to be Ti-Ti pairs instead of a single site 10 . The computed linewidth, the lineshape and the band gap of the calculated spectral function are found to be in good agreement with angle integrated photoemission data and with O K-edge absorption spectra 12 . In the following, we start from a completely different approach and demonstrate that the role of nonlocal correlations can be also captured in an effective manner within the hybrid DFT approach.
The LDA+U scheme is known to lack any description of non-local (off-site) electron exchange and correlation beyond the local density approximation (LDA) due to the fact that the empirical Hubbard U term added to the Hamiltonian improves only on the description of on-site Coulomb effects. In order to capture the non-local component of the electronic exchange and correlation (which is unsatisfactorily approximated within the LDA) one would need to extend the on-site LDA+U treatment to inter-site interactions, which therefore would take the form of an extended version of the LDA+U method, namely the LDA+U+V scheme. Within this scheme, the inter-site term V is treated within the Hartree-Fock (mean-field) approximation (as the U term is in LDA+U) and thus the scheme is sufficient to introduce the Ti-Ti pair interaction neglected in the LDA. In hybrid DFT, the treatment of off-site exchange and correlation effects beyond LDA is already built in due to the inclusion in the Hamiltonian of a Fock-exchange term which operates between all (on-site and off-site) Kohn-Sham orbitals. The effectiveness of this term for describing the on-site correlation is well documented 22 and there is every reason to believe that it will be equally effective in describing the non-local exchange and correlation effects beyond LDA at a mean-field level. Fig. 1 shows the spin polarized band structure of TiOCl calculated within the B3LYP approximation for the experimental HS structure 8 . We note that the band structure does not change significantly when calculated at the relaxed HS geometry. We observe that, in contrast with the LDA+U approach, the adoption of the B3LYP approximation improves significantly on the description of the electronic ground state by opening a band gap of about 2. 
IV. LATTICE STRUCTURE
In Table I we present the equilibrium lattice parameters of the HS phase obtained after a full relaxation of the atomic structure of the FM state within the B3LYP approximation. For comparison, we also show the results obtained with the gradient corrected functional of Perdew, Burke and Ernzerhof 23 (PBE) and the experimental values 8 . While the agreement between the calculated and measured a parameter is reasonably good, this is not the case for c and b. The strong disagreement in the case of the c parameter is due to the predominantly van der Waals type of binding between bilayers in the c direction which is not correctly described in LDA, GGA or B3LYP approximations to DFT. Keeping c fixed at the experimental value and fully optimising the structure does not change significantly the values of the a and b parameters. We notice that the energy landscape is rather flat when varying the length of the c lattice constant due to the very weak binding. However, we find no significant effect of the c parameter on the assignment of the phonon modes in the Raman and infrared spectra in the range of frequencies considered in the next section. Concerning the parameter b (chain direction), the B3LYP functional gives an overestimation of b of about 6 %. In order to understand this issue, we employed first the PBE functional for the full structural optimisation of the HS phase and then compared with B3LYP results. With the choice of the PBE functional, we find that the structure is unstable with respect to Ti interchain dimerisation, where neighbouring chains shift rigidly towards each other, leaving the intra-chain step unchanged and producing an alternating interchain Ti-Ti distance. This is due to the fact that the electronic structure is found to be a fully spin polarised metallic state, due to the self-interaction error (SIE) present in the GGA. The orbital polarisation found in SIE compensated functionals (LDA+U and B3LYP) is lost within PBE and the orbital d xy becomes partially unoccupied in favour of the d xz−yz orbital. The latter points towards Ti atoms of neighbouring chains and therefore favours interchain dimerisation.
This observation is useful in interpreting the behaviour of the B3LYP hybrid functional. We note here that the functional of Lee, Yang and Parr 24 (LYP) that describes the exchange-correlation term in B3LYP, belongs to the family of the PBE functional, and thus we expect it to provide similar results as PBE. However, the inclusion of Fock exchange removes the interchain instability found within the PBE functional and enables the B3LYP approximation to describe reasonably well the geometric and electronic structure simultaneously.
By changing the amount of Fock exchange from the amount prescribed for the B3LYP functional, we are able to conclude that the overestimation of b is strongly related to the percentage of the Fock exchange term in the Hamiltonian. Possible explanations of the disagreement between the experimental and theoretical values of b are the following: (i) the exchange contribution in B3LYP is overestimated due to the neglect of screening leading to an overestimation of the local Pauli pressure and thus a stretching of b.
(ii) more speculatively, if dynamical spin singlet fluctuations are important, they could bring the Ti atoms into a precursor dimerised state with no long-ranged crystallographic order. As a result, the x-ray measurement would probe a thermally averaged value of the Ti-Ti distance (=b/2) that is shorter than the ground state value. It is not clear at present which of these explanations accounts for the overestimation of the b parameter.
In Table II we show the relevant equilibrium atomic distances and angles. In general a very good agreement of B3LYP results with the experimental values is obtained. Within space group 59 (P mmn), identified as the high symmetry phase of TiOCl, the Γ point phonons are classified according to symmetry as follows:
Each mode involves atomic displacements along a single axis. The modes with symmetry A g , B 2g , and B 3g are along the c , a and b axis, respectively, and are Raman active.
The modes with symmetry B 1u , B 2u , and B 3u are along the c, b and a axis, respectively, and composed of one acoustic and two optic modes, the latter being infrared active.
In Table III 25 for the B 2u and B 3u modes, is quite satisfactory for the high frequency modes but less so for the low frequency ones. As a possible explanation for the discrepancy, we estimated the anharmonic corrections to the low frequency modes by examining the energy surface along the mode and found it to be harmonic to an excellent approximation. However, it is worth mentioning that the infrared active modes have been measured separately by Grueninger et al. 26 and a value of 201 cm −1 was found for the lower frequency B 2u mode, which agrees significantly better with the calculated frequency.
VI. PHONONS IN THE SPACE GROUP P 21/m
A. Phonon spectrum Within space group 11 (P 2 1 /m), which has been identified by Palatinus et al. 15 as the spin-Peierls (LS) sym- metry of TiOCl, the Γ phonons are classified as follows:
where one A u and two B u modes are acoustic. In this space group, the A g and B g modes are Raman active while the A u and B u modes are infrared active. As a general feature, modes in this LS phase are either displacements within the bc plane or purely along the a axis. In particular, the A u and B g modes are along the a axis and the A g and B u are within the bc plane.
We note that starting from the experimental LS structure 15 within the space group 11 and fully optimising the structure results in a structure very close to the HS one with a unit cell doubled along the b-axis. This implies that the optimised structure does not show any signature of a spin-Peierls distortion. This is due to the fact that in the spin-Peierls mechanism the loss of elastic energy is overcompensated by an energy gain in spin-singlet fluctuations. The latter are not properly described within the current formulation of spin-DFT and therefore no magnetoelastic structural distortion can be expected for any of the exchange-correlation approximations currently in use. A consequence of this is that our zone center phonon mode calculations for the LS phase provide a good description of some relevant zone boundary phonons of the high symmetry phase, namely those phonons that are associated with a doubling of the HS unit cell along the b axis and which are directly related to the spin-Peierls instability.
In Table IV the calculated frequencies and the directions of the corresponding displacement eigenvectors (within the reference system a, b, c of the orthorhombic unit cell) are shown. Due to the absence of distortional features in the structurally optimised LS structure, the 18 modes of the HS phase are seen to evolve unchanged into the LS phase and the additional 18 modes, originating from the doubling of the unit cell, have degenerate features which will be discussed below.
In Table IV we choose to decompose the LS modes according to their HS irreducible representation counterparts, where meaningful. It is important to note, however, that the spin-Peierls distortion does not modify the Raman active A g modes' frequencies of the HS phase which are seen to evolve unchanged in the LS Raman spectra 2 . We can therefore assume that the effect of lattice distortion is not crucial as far as the frequency calculation is concerned.
A peculiar feature of the two panels of Table IV is that the strictly LS Raman active modes are degenerate with their infrared counterparts i.e. the six A g with the six B u modes (third row in the upper and lower panel of Table  IV ) and the three B g with the three A u modes (fifth row in the upper and lower panel of Table IV ). The six A g and six B u modes are illustrated in Fig. 2 in order of increasing frequency value.
The degenerate character of these modes is due to the perfect triangular geometry of bonds between Ti atoms belonging to neighbouring chains that run along the b axis. This geometry makes the interchain dimerisation patterns shown in Fig. 3 degenerate (this feature should be observed in some zone boundary phonons of the HS phase). In fact, if we were to consider the case of laddertype arrangement of chains, every Ti atom would have only one nearest neighbour in the neighbouring chain, and the two dimerisations shown in Fig. 3 would involve different lattice strains and therefore would be non degenerate. In the present case, where one chain is rigidly shifted by half of the lattice parameter b with respect to the other, every Ti acquires two equivalent nearest neighbours along a and therefore the in-phase and outof-phase displacements shown in Fig. 3 become equivalent. Note that this degeneracy would be split within a model which incorporates spin-singlet fluctuations, as pointed out above, although not significantly. However, in the non-dimerised phase (T > T c1 ) such a degeneracy is restored.
All the six A g and six B u modes which originate in the LS phase represent possible dimerizations of the Ti chains within the bc plane. The two lowest energy modes (at 175 and at 212 cm −1 ) keep the Ti-O distance along a (see Table II ) close to its optimised value, while the Ti-O distance along b oscillates, in a bond bending fashion for the mode at 175 cm −1 and as bond stretching mode for the one at 212 cm −1 . In fact, the elastic constant associated with the Ti-O bond along a is larger than the one along b due to the shorter bond length. The Ti-O| a bond sets the interchain elastic coupling and, due to its presence, the LS modes in the bc plane are not merely displacements along the b and c axes independently, as one would expect if the Ti chains were not coupled. The higher frequency modes have larger O components and do not generally preserve the Ti-O| a equilibrium distance, as inferable from the length and direction of the arrows representing the eigenvectors' components in Fig 2. As a general comment on the six A g and six B u LS modes, it is interesting to note that they show a low dimensional character. They have a two-dimensional configurational space (bc plane) and due to the strong interchain coupling some of them show an effective onedimensional oscillation. This can be seen, for example, for the modes at 175 and at 212 cm −1 in Fig. 2 where the arrows on the Ti and O atoms have same length and direction, suggesting that the Ti-O-Ti-O plaquettes may be considered as an effective single vibrational block. The two modes represent the bending and the stretching of the bond between two neighbouring plaquettes. These features evidence the possible role of lowdimensional structural fluctuations as we shall discuss in subsection VI C.
B. Phonon assignment and Raman spectra anomalies
We note that the doubly degenerate lowest mode (A g , B u ) at 175 cm −1 . i.e., the zone center phonon of the LS phase and a zone boundary phonon of the HS phase, (Fig. 2 first column, first and second raw panels) remarkably resemble atom displacements along the spin-Peierls distortion reported in Ref. 8 and Ref. 27 (compare Fig.  1(b) of Ref. 8 and Fig. 3 of Ref. 27 with Fig. 2 first column, second raw panel). The slight discrepancy in the eigenvectors' directions points towards an overestimation, in our approach of the elastic constant stiffness of Ti-Ti bond along b, which is consistent with the b length overestimation in section IV.
This frequency at 175 cm −1 is close to the frequency of an anomalous mode observed in the Raman spectrum of Ref. 2 (named α) which consists of a broad peak centered around 160 cm −1 at room temperature. As the temperature decreases, the peak position shifts towards lower frequency values and its broadening reduces until it becomes indistiguishible from the Raman A g mode allowed in the low symmetry phase. Due to its Lorentzian lineshape, this feature is attributed to low dimensional energy fluctuations of the spin system which manifest themselves in the form of quasielastic scattering of the Raman light and decrease as the temperature approaches the spin-Peierls transition point 2 . It is worth pointing out that this broad feature is detected when the Raman light is polarised along the b-axis (along which the spin chains lie) while it is totally absent when the light is polarised along the a-axis 2 . Recently, the evolution with temperature of the Raman active A g modes has been studied by Fausti et al. 28 . At low temperature, along with the three unchanged HS A g phonons, they find nine additional modes as required by group theory analysis (see Table IV upper pannel). Four of these nine modes persist above the spin-Peierls transition and become broader losing in intensity as the temperature increases. These modes are also visible in the Raman spectrum of Ref. 2 at low temperatures and the lowest frequency mode coincides with the feature α described above.
Combining the information of the Raman spectrum of Ref. 28 (where not only light polarisation bb was used but also bc) with the information contained in Table IV and in the phonon displacement eigenvectors (not shown), we are able to assign the experimental Raman frequencies to the calculated modes (Table V) . In the following reasoning we assume that the possible splitting of the LS modes' degeneracy due to quantum spin effects does not alter the picture qualitatively. We have already pointed out the fact that the HS B 3g modes remain almost identical to their LS (LS A g ) counterpart, as shown in Tables III and  IV . At high temperature, the B 3g modes are active with light polarisation bc and therefore we expect their identical LS counterparts to have a similar activity. In the spectrum of Ref. 28, the two modes at 178.5 and 524.3 cm −1 are predominantly active with light polarisation bc, but very weakly active with polarisation bb (this is confirmed in the spectrum of Ref. 2). We therefore assign these two modes to the two LS A g modes with displacement along b at 140 and 431 cm −1 . In order to assign the third mode of the same symmetry, we note that the modes at 296.5 and 305.3 cm −1 in the spectrum (with light polarisation bb) of Ref. 2 are weakly active. Assuming a systematic underestimation of the frequencies due to shortcomings of the theory (which will be discussed below) we assign the mode at 305.3 cm −1 to the calculated value at 289 cm −1 . The remaining six LS A g modes are then assigned straightforwardly in order of increasing value (see Table V for their assignment) and the three HS A g modes remain unaltered at low temperature (compare Table V with Table III for their assignment) .
By direct comparison, we find that while the three HS A g modes are in good agreement with experiment, the three LS A g modes along b (B 3g modes in the HS phase) are underestimated by 10-20% and the remaining six A g modes of the LS phase are overestimated by 20-30%. Possible origin of the above discrepancies could be: 1) the lack of a screened exchange term in the Hamiltonian which also causes an overestimation of b; 2) the lack of spin-singlet dynamical correlations in the B3LYP Hamiltonian which usually renormalise the phononic spectrum and, as mentioned in section IV, may be responsible for the overestimation of the lattice parameter b.
Based on the above assignment, we are able to conclude that the mode at 175 cm −1 most probably evolves into the high temperature α feature of Ref. 2. The remaining five LS A g modes show also dimerisation patterns which may be tentatively related to the broadening of their Raman spectra 2,28 due to spin fluctuations. Note, however, that two of the modes disappear at T c1 due to a symmetry change in the intermediate phase. It would be interesting to perform a phonon calculation within the space group 13 (P 2/c), suggested in Ref. 28 as the intermediate phase symmetry, to countercheck the validity of our assignment as well as of the suggested space group.
C. Role of pretransitional fluctuations and the spin-Peierls instability
As seen above, the computed LS phonon calculations enable i) the comparison with Raman and infrared spectroscopy measurements performed for the zone center modes in the spin-Peierls phase as we showed in the previous section and ii) the prediction of the behavior of some zone boundary phonons in the HS phase as we will discuss in the following.
From our calculations, the α mode can be interpreted as a precursive mode characterised by a strong spinPeierls activity. In fact, this has a very broad lineshape and shows a large softening in a temperature range between T c1 and room temperature 2 . These features are associated with energy fluctuations of the magnetic and structural system. Concerning the latter, above the transition temperature T c2 strong incommensurate fluctuations have been detected in X-ray diffraction experiments 27 and they are seen to persist up to room temperature. Our phonon calculation supports the lattice fluctuation scenario with effectively one-dimensional atom displacement paths, as shown in subsection VI B for the lowest frequency modes. In addition, anomalies in the electronic structure are also found in the ARPES spectra of the high temperature phase 6 which have been given little explanation so far.
Recently, the authors of Ref. 29 reported the observation of a zone boundary acoustic phonon in TiOCl which softens at T c2 30,31 . They identify this mode as the one that drives the spin-Peierls transition and estimate its bare phonon frequency to be Ω 0 ∼ 217 cm −1 . In our calculation of the relevant zone boundary modes in the HS for the unit cell doubling along b (section VI A) we found that the doubly degenerate mode (A g , B u ) at 175 cm −1 shows features of a spin-Peierls phonon in its vibrational pattern (see Fig. 2 ). While we cannot say at this point whether this corresponds to an acoustic or to an optical zone boundary phonon of the HS phase, its energy is close to the bare phonon energy estimated by Abel et al. 29 . Moreover, one could then speculate that there is a direct relation between the α phonon observed in Raman spectroscopy with the interpreted spin-Peierls phonon observed in inelastic X-ray experiments.
A last remark concerns the incommensurate region between T c2 and T c1 . This region shows incommensurate wave vectors shifted from the commensurate wave vector (0, 1 2 , 0) by the amount (±∆H, ±∆K, 0). It has been argued that the origin of this incommensurability originates from competing arrangements of bond patterns in TiOCl 5,13,27 and more recently in terms of a model of discommensurations separating commensurate from dimerized regions 29 . The existence of degenerate modes enforces the argument of competing patterns in the incommensurate region with possible coexisting domains.
VII. CONCLUSION
In summary, we have presented within hybrid density functional theory a complete description of the phonon modes (Raman and infrared active) in TiOCl both in the space group P mmn (high symmetry phase) and in the space group P 2 1 /m which is the symmetry of the spinPeierls phase. Comparison with experiment and with results obtained from other functionals shows that nonlocal correlations as implemented in the hybrid B3LYP approach are important in order to obtain an improved description of the modes. This study supports the correlated nature of TiOCl.
Our analysis of the zone center high-symmetry modes (space group P mmn) and some relevant zone boundary high-symmetry modes (space group P 2 1 /m) allows us to identify the anomalous α mode observed in Raman scattering as a probable precursor of the spin-Peierls mode strongly coupled to the spin system. Moreover, the triangular geometry of bonds between Ti atoms belonging to neighboring chains running along b leads to the existence of six A g zone boundary modes degenerate with six B u zone boundary modes (for the undistorted system), a phenomenon which has not been observed in other known spin-Peierls systems and which contributes to the anomalous behavior of TiOCl.
Some of the low symmetry modes show effectively onedimensional atomic displacement paths supporting the important role of lattice fluctuations in addition to the magnetic ones.
